G aN and its related alloy materials have been widely used to fabricate green-to-ultraviolet light-emitting diodes (LEDs) and laser diodes (LDs) as well as high-power, high-frequency electronic devices. [1] [2] [3] A major issue in the films of these GaN-based optoelectronic and electronic devices grown by conventional deposition techniques is the high density of dislocations (typically 10 8 -10 10 cm À2 ), which are believed to deteriorate the optical and transport properties of GaN-based devices. 4, 5) Recently, different growth approaches have been proposed for dislocation reduction. Epitaxial lateral overgrowth (ELOG) has emerged as an effective method to improve the crystal quality, and the detailed treatment is described elsewhere. [6] [7] [8] [9] [10] Based on the above method, double ELOG technique was utilized to enable a very low defect density ( 10 6 cm À2 ) GaN structure. 11) However, these techniques inherently suffered from inevitable growth interruption and needed at least one MOCVD regrowth of the GaN layer. Growing nitride semiconductor structures on designed masks without interruptions has been considered as an alternative way to obtain high-quality GaN films. In this paper, we report on the microstructural and optical properties of the GaN epilayer grown on serpentine masked structures, which could realize one single epitaxial growth step for high-quality GaN. We confirmed that the surface defect areas were further reduced compared with the conventional ELOG method. In addition, the threading dislocation density was sufficiently lowered and the optical property was greatly improved by using the serpentine masked structures.
The novel serpentine masked structures were fabricated as follows: first, a 100-nm-thick SiN x was deposited on (0001) sapphire substrate by chemical vapor deposition (CVD). Next, a set of parallel ½11 20 sapphire -oriented stripes was achieved using standard photolithographic technology. Then, a 200-nm-thick SiO 2 film followed by another 200-nm-thick SiN x film was deposited onto the masked substrate, the same treatment as above; another set of SiN x stripes separated by window areas, which were offset from the lower window openings, was obtained. Finally, the sapphire surface in the lower window area was exposed using buffered HF acid. The detailed structure is shown in Fig. 1 .
The GaN films were grown in a Thomas Swan close-coupled showerhead metal organic vapor phase epitaxy (MOVPE) machine with vertical flow geometry, using trimethylgallium (TMGa) and NH 3 as precursors and high-purity H 2 as carrier gas. Growth on the serpentine masked structure was initiated with a 25-nm-thick GaN nucleation layer deposited at 530 C, followed by epitaxial growth at 1040 C. The structural and optical characteristics of as-grown GaN epilayers were investigated using field emission scanning electron microscopy (FE-SEM), catholuminescence (CL), X-ray diffraction (XRD), and photoluminescence (PL).
Figure 2(a) shows the coalesced GaN film grown on the serpentine masked substrate. There were two typical regions in the image. One was the edge area containing many islands like bulges (red wine dashed border) and the other was the rest area (green dashed border). The tetrahedron-shaped GaN islands could be clearly seen in the SEM image of Fig. 2(b) . The parallel arrangement, i.e., similar size and height, presented a special state of GaN growth at the end of the upper windows. To clarify the mechanism of the GaN growth in this region, CL measurement was performed. It was found that the GaN islands exhibited a yellow luminescence at 520 nm, as seen in Fig. 2(c) , which indicated that a large quantity of defects in epitaxial GaN concentrated at the end of the upper stripes out of the windows. They were considered to be point defects, more specifically, Ga vacancies, which might act as the sources of the yellow luminescence. [12] [13] [14] In the growth process, the V/III ratio was increased when the lateral epitaxial growth of GaN begun out of the upper windows, in which procedure, the lower TMGa flow led to the Ga vacancy generation. Thus, it could be interpreted that the GaN islands resulted from the growth-condition-variation-induced defect generation.
The rest area represented a completed coalescence and mirrorlike GaN film, as shown in the plane-view SEM image of Fig. 2(d) . From the CL image at 365 nm in Fig. 2(e) , we could see the meeting fronts (dark line marked with a green border) where the GaN grew out of the adjacent window and coalesced above the upper SiN x mask. The meeting front areas were highly defective, mainly newly generated dislocations, 15, 16) which appeared in the form of dark dots around the meeting fronts in Fig. 2(e) . A similar result could be obtained by the double ELOG method. 17) Figure 2 (f ) shows the cross-sectional SEM image of GaN, in which GaN grown from the lower window to the channel exhibited a serpentine growth behavior. In Fig. 2(g) , GaN in the channels, out of the upper windows, and at the wing area was of high quality, which showed that our method could greatly improve the quality of GaN, compared with the conventional ELOG method where the window areas were highly defective. 10) In addition, GaN at the meeting fronts was of poor crystalline quality, which revealed that it was a highly defective area therein. These results were consistent with the plane-view CL measurements.
Based on the CL results, the evolution of the dislocation can be deduced as drawn in Fig. 3 . A large number of dislocations were generated from the nucleation layer due to the mismatch between GaN and sapphire and penetrated vertically. Some dislocations bend or annihilate, and many of them were blocked by the upper SiN mask during the growth. Few dislocations penetrated into the overgrown layer, 90 bending above the upper SiN mask. In the core region of the mask, i.e., at the merged growth fronts of GaN, the dislocations bent 90 again, extending to the surface of the meeting front where a highly defective region was formed as shown in Fig. 3(a) . They exhibited as dark dots and region in the CL images of Figs. 2(e) and 2(g), respectively. As for the wing and window regions, due to fewer defects therein, it showed a strong near band edge emitting image in Fig. 2(e) .
The macroscopic crystal quality was analyzed by XRD. It is found that the (002)-and (102)-plane full widths at half maximum (FWHMs) of GaN grown on the serpentine masked structures were 13.2 and 30% lower than those of GaN directly grown on sapphire substrates, respectively, representing effectively reduced screw-and edge-type dislocation densities, as shown in Figs. 4(a) and 4(b). From the etching results shown in Fig. 4(c) , the dislocation density was approximately estimated to be about 7 Â 10 5 cm À2 , which is at least three orders of magnitude lower than that of GaN grown on sapphire substrates (10 8 -10 10 cm À3 ). The results were analogous with the double ELOG method. 18) The interfacial forces at the GaN wing/mask were usually thought as the cause of the wing tilt, in the form of peak splitting in XRD rocking curves. 10, 19) Figure 4 (a) shows that no tilt occurred in the wing area, quite different from the GaN layer laterally overgrown using the conventional ELOG method. Although the mask material, such as SiO 2 or SiN x , may affect the degree of wing tilt in ELOG, it was not the root cause. The localized compressive stress field occurring at the edges of the GaN wing area was calculated to be about 3 GPa in the vicinity of the GaN/mask interface, and a decrease in the fill factor (the ratio of stripe opening width to stripe period) resulted in a reduction in the compressive stresses along the GaN/mask interface. 20) The fill factor in this experiment was 0.1 (the widths of the upper window and SiN x mask were 2 and 18 m, respectively), quite a bit smaller, which might result in uniformly strained GaN films. The conclusion was consistent with the results described in ref. 21 .
The PL spectra of GaN grown on the serpentine masked structure and sapphire substrate were measured at room temperature, as shown in Fig. 5 . For GaN grown on the serpentine masked structure, the peak intensity of the near band edge was found to be increased by around 16-fold. The integrated intensity ratio of the near band edge to the defectrelated ''yellow band'' I nb =I ye for GaN grown on the two structures was expressed as: This represents a great improvement in the optical quality and increased luminescence efficiency of GaN grown on the serpentine masked structure.
In summary, we developed an innovative serpentine masked structure to grow GaN epilayers. One single epitaxial coalescence of GaN film was realized using the optimized growth conditions. Compared with the conventional ELOG method, the number of high-quality regions in GaN epilayers was sufficiently increased, including both the wing and window regions, while the defective regions were limited at the edge areas and meeting fronts. The dislocation density of GaN was reduced to $10 5 cm À2 , similar to the result obtained by the double ELOG method, which requires two MOVPE regrowth steps. In addition, GaN films exhibited no wing tilt phenomenon, high near band edge peak intensity, and integrated intensity ratio of near band edge to the yellow band. The characteristic results indicate that this technique is promising for growing high-quality GaN templates to fabricate high-performance III-nitridebased electronic and optoelectronic devices, such as power transistors, LDs, and LEDs. 
